ABSTRACT: Dietary polyphenols may contribute to the prevention of several degenerative diseases, including cancer. Anthocyanins have been shown to possess potential anticancer activity. The aim of this study was to determine anthocyanin bioavailability in lung tissue of mice fed a blueberry diet (5% w/w) for 10 days or a bolus dose (10 mg/mouse; po) of a native mixture of bilberry anthocyanidins. All five anthocyanidins present in the blueberry were detected in the lung tissue using improved methods. The effect of various solvents on the stability of anthocyanins and their recovery from the biomatrix was analyzed. Detection of anthocyanins and their metabolites was performed by UPLC and LC-MS. Although anthocyanins were not detected, cyanidin was detected by UPLC-PDA and other anthocyanidins were detected by LC-MS, following conversion to anthocyanidins and selective extraction in isoamyl alcohol. The results show that anthocyanins can be detected in lung tissue of blueberry-fed mice and thus are bioavailable beyond the gastrointestinal tract.
■ INTRODUCTION
Berries are gaining increased attention lately for their chemopreventive and therapeutic potential against several cancers.
1,2 Blueberry contains an abundance and distinct spectrum of anthocyanins, namely, the glycosides of cyanidin (Cy), delphinidin (Dp), petunidin (Pt), peonidin (Pe), and malvidin (Mv). A compelling body of literature suggests berry phytochemicals, including anthocyanins, have multifunctional chemopreventive and therapeutic effects, including antiinflammatory, 3 radiation protection, 4 and antioxidant. 5 Anthocyanins, which comprise the largest group of water-soluble pigments, are widely distributed in dark-colored fruits, vegetables, grains, and flowers and are responsible for their red, purple, and blue hues. Anthocyanins from different plant sources, including blueberry, have been shown to possess potential anticancer activities. 6−10 Several studies have shown that anthocyanins can inhibit cellular growth, induce apoptosis, and kill cancer cells in vitro. 3 Animal studies, although limited, have also demonstrated the chemopreventive potential of berries and their bioactive constituents such as anthocyanins and ellagitannins. The protective effects of these bioactives could be related to their potent antioxidant activity, as demonstrated in various in vitro and in vivo studies, 5, 11, 12 among other effects. In our previous studies, we demonstrated the chemopreventive potential of blueberry against breast cancer using the ACI rat model 8, 13 and the therapeutic potential of blueberry anthocyanidins against lung cancer using the nude mouse xenograft model. 3 In the latter study, we also demonstrated that a mixture of anthocyanidins exhibited synergistic therapeutic activity compared with individual entities, both in vitro and in vivo. 3 The synergistic effects in this study presumably resulted from the effect of the anthocyanidins on some distinct and overlapping protein targets associated with cell proliferation, apoptosis, inflammation, invasion, and metastasis. 3 Despite reports of berry anthocyanins' protection against cancers and other diseases, 6−10 a significant gap exists between what was shown in many in vitro studies and what can be achieved in vivo. Several studies were conducted to evaluate the bioavailability/pharmacokinetics in blood and tissue using high doses of individual anthocyanins.
14 Extraction of anthocyanins or their metabolites from blood generally relies upon solid phases such as Water's Oasis HLB or C18 Sep-Pak cartridges. However, tissue bioavailability data are scarce because there are few standardized methods for extractions from tissue. Moreover, the stability of anthocyanins and anthocyanidins during the workup has always been a concern.
Given these scenarios and multiple biological effects, anthocyanin/anthocyanidin bioavailability in non-gastrointestinal (GI) tissues is considered an important issue and needs to be demonstrated. Studies on the bioavailability of anthocyanins from a single berry can provide direct and valuable information about their absorption. Our unpublished data show 30−35% reduction of cigarette smoke-induced lung tumor in A/J mice by 2.5% w/w dietary berries. We have also demonstrated that anthocyanidins delivered intraperitoneally have antitumor activity against lung cancer xenograft. 3 Hence, this study was designed to evaluate and compare stability parameters of anthocyanidins and develop a sensitive method to assess the bioavailability of anthocyanins/anthocyanidins and their metabolites in lung tissues.
■ MATERIALS AND METHODS
Chemicals. HPLC grade water, acetonitrile, methanol, and other HPLC solvents, hydrochloric acid (HCl), formic acid, acetic acid, and trifluoroacetic acid were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Authentic anthocyanin standards were obtained from Chromadex (Irvine, CA, USA). All other chemicals used in the study were of analytical grade. Freeze-dried highbush blueberry powder (50:50 blend of Tifblue and Rubel) was received from the U.S. Highbush Blueberry Council (Folsom, CA, USA). The native mixture of anthocyanidins (∼95% pure) was isolated in our laboratory from 36% anthocyanin-enriched bilberry extract (Indena, Seattle, WA, USA), which contains five major anthocyanidins, delphinidin, cyanidin, malvidin, peonidin, and petunidin in the ratio of 33:28:16:16:7, as described in our previous study. 3 Extraction and Isolation of Purified Anthocyanins/Anthocyanidins from Bilberry. Extraction, enrichment, and hydrolysis of the bilberry were carried out using essentially the same method as described previously. 15 Briefly, the enriched bilberry extract powder was extracted with 75% aqueous ethanol containing 0.1% HCl and enriched by loading the concentrated extracts on an XAD-761/Diaion HP-20 (1:1) column. The polyphenols, including anthocyanins, were eluted with methanol. Pooled elutes were concentrated and hydrolyzed with 2 N HCl (∼5 volumes). Hydrolysates were purified using C18 Sep-Pak cartridges (Waters, Milford, MA, USA). Anthocyanidins and other polyphenols were eluted with acidified (0.01% HCl) methanol. The enriched extracts were dried under reduced pressure using a Savant Speed-Vac (Thermo Scientific, USA) and stored at −20°C until use. The enriched extracts were dissolved in acidified water, and anthocyanidins were selectively extracted in isoamyl alcohol and dried under vacuum. 16 The extracted anthocyanidins were further purified by loading on the C18 cartridges per the manufacturer's guidelines.
Diet. AIN-93 M diet supplemented with blueberry powder at 5% (w/w) was prepared in pellet form by Harlan-Teklad (Madison, WI, USA) and stored at 4°C in the dark in vacuum-sealed bags until use.
Animal Study. Animal experiments were performed in agreement with an approved protocol from the Institutional Animal Care and Use Committee of the University of Louisville. Female athymic nude mice (5−6 weeks old) were purchased from Harlan Sprague−Dawley, Inc. (Indianapolis, IN, USA). Two animal studies were conducted to test different routes of administration. In study 1, after a week of acclimatization, animals were randomized into two groups (n = 4) and provided either AIN-93 M diet or diet supplemented with 5% blueberry powder (w/w). Animals received diet and water ad libitum. The diet was changed every other day, and the food intake was monitored. No difference was found in food consumption in control and experimental groups. The animals had free access to food and water until euthanasia. After 10 days of treatment, animals were euthanized by CO 2 asphyxiation, and lung was collected, snap frozen, and stored at −80°C until use. Blood was collected by cardiac puncture; plasma was separated and stored at −80°C.
In study 2, animals were treated with a bolus dose of the native mixture of anthocyanidins isolated from bilberry (10 mg/mouse) by gavage in 10% dimethyl sulfoxide. Two hours after the treatment, animals were euthanized; lung tissue was collected, snap frozen, and stored at −80°C until use. Blood was collected by cardiac puncture; plasma was separated and stored at −80°C.
Effect of Acids/Solvents on Anthocyanidin Stability. To test the stability of anthocyanidins in various solvents, cyanidin chloride (100 μg/mL) was dissolved in (i) acetonitrile, (ii) methanol, and (iii) methanol acidified with 0.1% HCl. The solutions were immediately analyzed by ultraperformance liquid chromatography (UPLC). Samples maintained at room temperature were analyzed at 1 h intervals for 5 h. The concentration was plotted against percent of cyanidin chloride at initial time point. Because methanol provided complete stability as described under Results, all of the analyses from tissue were done by using methanol containing 0.1% HCl.
Recovery of Anthocyanins from Biological Matrix. Anthocyanins in biological samples (see below) were analyzed at anthocyanidin level. Conversion of anthocyanins to anthocyanidins in the presence of biological matrix was optimized as follows: To 500 μL of plasma was added 100 μL of bilberry extract (1 mg/mL), the mixture was acidified with 0.1% formic acid, acetic acid, trifluoroacetic acid, phosphoric acid, or hydrochloric acid. Samples were incubated for 15 min at 37°C and then extracted with 5 volumes of acetonitrile. The sample was centrifuged at 10000g, and the supernatant was collected and evaporated to dryness under vacuum (Savant Speed-Vac). The dried extracts were dissolved in acidified (0.1% HCl) methanol and analyzed by UPLC.
Extraction of Anthocyanidins from Tissues. Parameters such as the stability of anthocyanidins in different buffers and acid environment, extraction efficiency, and selectivity in different solvents, etc., were established before tissue extractions. First, we analyzed the recovery of anthocyanidins by spiking lung tissues collected from untreated rats from another study. Methods described previously 14 were used to detect berry anthocyanins/anthocyanidins, 14 except for the following modifications: extraction of anthocyanins in acidified (0.1% HCl) acetonitrile, evaporation of solvent, and reconstitution in 50% methanol containing 2 N HCl followed by acid hydrolysis and selective extraction of anthocyanidins in isoamyl alcohol without any use of solid−liquid chromatography. Furthermore, UPLC separation method was developed by identifying solvents to separate reference anthocyanidins and protocatechuic acid (PCA), a bioactive metabolite of Cy, 17 and spiking the tissue homogenate with Dp, Cy, and PCA.
14 Briefly, after the optimization, lung tissue from two mice was pooled (two pools per group) in both animal studies and homogenized in 400 μL of 1.15% KCl; anthocyanins were extracted in acetonitrile containing 0.1% HCl as described above. The supernatant was evaporated and reconstituted in 50% methanol containing 2 N HCl. The extract was then hydrolyzed (100°C/1 h) to convert anthocyanins to anthocyanidins, and the latter were selectively extracted in isoamyl alcohol. 16 Finally, the samples were dried under reduced pressure (Savant Speed-Vac) and reconstituted in 40 μL of acidified (0.1% HCl) methanol just before injection, and 10 μL was analyzed by UPLC. The limits of detection for the various anthocyanidins (Cy, Dp, Pt, Pe, and Mv) (0.3−0.75 ng) and PCA (0.2 ng) were established.
UPLC Analysis. Anthocyanins and anthocyanidins were analyzed on a Shimadzu UPLC system composed of two LC-20AD-XR pumps, an SIL-20A-XR autosampler, and an SPD-M20A photodiode array detector (PDA) controlled by Class VP software (ver 7.4, SP3) attached to a Shim-pack XR-ODS-II column (3.0 × 150 mm; 2.2 μm). A linear gradient of 3.5% phosphoric acid (solvent A) and acetonitrile (solvent B) with a flow rate of 0.75 mL/min was used. In the gradient, solvent B was initially 15% for 2 min and increased to 20% by 3 min. Solvent B was further increased to 60% from 3 to 10 min, held for 1 min, and returned to 15% by 12 min.
LC-MS Analysis. Reversed-phase chromatography of anthocyanidins was performed on a Thermo Scientific (San Jose, CA, USA) Accela LC system. The mobile phases consisted of buffer A, water/ formic acid (100:0.1, v/v), and buffer B, acetonitrile/formic acid (100:0.1, v/v). Five microliters of sample was injected onto a Hypersil GOLD C 18 column (50 × 2.1 mm, 1.9 μm, 175 Å) from Thermo Scientific. A step gradient at a flow rate of 100 μL/min was used to elute the compounds. The gradient started at 5% buffer B and increased to 40% buffer B in 10 min, then increased to 90% buffer B in 3 min, and was maintained at 90% buffer B for 7 min. Elute from the LC was directed to an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific). The compounds were ionized by electrospray ionization and detected by Orbitrap at 30000 mass resolution (full scan, m/z 220−1000) or by multiple reaction monitoring (MRM). The spray voltage was 4.0 kV, and the capillary temperature was 250°C. The sheath, auxiliary, and sweep gas flows were set to 15, 5, and 0, respectively. In MRM, molecular ions of anthocyanidins were selected with 3.0 m/z isolation window and fragmented by collision-induced dissociation (CID). For CID, collision energy, activation Q, and activation time (mS) were 35, 0.25, and 30, respectively. Full scan MS/ MS spectra of the compounds (m/z 100−400) were acquired by Orbitrap at 7500 mass resolution. The transitions used for anthocyanidin detection are shown in panel C of Figure 4 . The limits of detection by LC-MS for Dp and Cy were >0.5 and 0.25 ng, respectively, whereas those for Pt, Pe, and Mv were 2.5 pg.
■ RESULTS

Isolation of Blueberry Phytochemicals and Their
Characterization. Blueberry extract was applied onto the XAD-761/HP-20 column (1:1) for the enrichment of anthocyanins and other polyphenols, and the enriched extract was hydrolyzed to convert the glycones to aglycones (i.e., anthocyanins to anthocyanidins; Figure 1 ). The enriched anthocyanidins were extracted in isoamyl alcohol and further purified by C18 column chromatography. The final extract contained highly pure (>94%) anthocyanidins (Figure 2) . When analyzed by UPLC, the purified extract showed five anthocyanidins in the following descending order: Dp (33%), Cy (28%), Pt (16%), Ma (16%), and Pe (7%); a small amount of quercetin was also found in the sample (Figure 2) .
Effect of Solvent on Stability of Anthocyanins. The cyanidin was highly unstable in acetonitrile. The rate of degradation was slow initially, but nearly 60% was degraded in 5 h (Supporting Information Figure S1 ). The stability was better in methanol, where there was only a slight decline and 80% of the compound was found intact. Interestingly, acidified methanol provided complete stability to cyanidin, and no degradation or loss was observed even after 5 h at room temperature. Hence, all of the analyses from tissues were done by using methanol containing 0.1% HCl.
Recovery of Anthocyanins and Anthocyanidins from Biomatrix. The recovery of anthocyanins and anthocyanidins was variable depending on the type of acid used. Formic acid and acetic acid did not provide any recovery of anthocyanins/ anthocyanidins from PBS, whereas trifluoroacetic acid, phosphoric acid, and hydrochloric acid gave good recoveries. When these three acids were tested for recovery of anthocyanins/anthocyanidins from plasma, the recovery was in the following order: hydrochloric acid > phosphoric acid > trifluoroacetic acid (Table 1) . However, hydrochloric acid extraction also resulted in conversion of some anthocyanins to anthocyanidins. Nearly 55−95% of anthocyanins and 63−100% of anthocyanidins were recovered from plasma ( Table 1) . Quantification of Pe and Mv was skewed due to the lack of separation of these two peaks in the UPLC conditions used. For measurement from biological matrices from animal experiments, the hydrochloric acid treatment was extended in a boiling water bath for 60 min to convert all anthocyanins to anthocyanidins and then quantified by UPLC-PDA.
Extractions and Detection of Anthocyanidins in Vivo. Blueberry has been reported to contain a variety of anthocyanins. In this study, we demonstrated the presence of anthocyanins in the blueberry-fed rodent tissues following conversion to anthocyanidins. Sensitivity of detection of the individual reference anthocyanidins was determined by LC-MS and UPLC-PDA and ranged from 0.25 ng to 2.5 pg and from 0.3 to 0.75 ng, respectively. The detection limit for PCA, a metabolite of Cy, was 0.2 ng. Cy was readily detected by UPLC (Figure 3 ) in the samples extracted from mouse lung with a limit of detection of 0.3 ng, whereas the other anthocyanidins were undetectable due to higher detection limits. A small peak was detected at the retention time for Dp; however, it was not confirmed by MS. However, with LC-MS analysis by specific ion monitoring, Pe, Pt, and Mv were readily detectable below ≤0.25 ng; Pe could be detected in the picogram range. No peak corresponding to anthocyanidins was detected in the lung of control animals by UPLC or LC-MS.
Several anthocyanidin peaks were found in the samples extracted from the lungs of mice fed blueberry diet by LTQ-MRM (low mass resolution). To confirm the presence of anthocyanidins in lung samples, an MRM with Orbitrap (high mass resolution) method was set up and used to reanalyze the extracted samples. Ion chromatograms of standards from Orbitrap MRM are shown in Figure 4 , with a m/z window width of 0.06 that provides better selectivity. Dp and Cy were not detected in lung samples by Orbitrap MRM, but other anthocyanidins (Pe, Pt, and Mv) were detected by MRM ( Figure 5 ) and further confirmed by MS/MS.
■ DISCUSSION
Several studies in recent years have focused attention on anthocyanin bioavailability both in humans and in experimental animals. Most of these studies reported that anthocyanins were poorly absorbed and were excreted unmetabolized. 18−20 Few studies have also reported that anthocyanins are bioavailable when delivered at very high doses; however, most of the bioavailability studies are focused on individual anthocyanidins, particularly Cy.
14,21−24
The plausible reasons for lack of anthocyanins' detection include (i) instability of anthocyanins, (ii) metabolism by gut microflora, (iii) high rate of excretion, and (iv) unavailability of suitable analytical techniques. The aim of this work was to develop a method to assess the stability of anthocyanins/ anthocyanidins, their selective extraction, and the impact on tissue bioavailability of anthocyanins.
There are several reports on the solubility and stability of anthocyanins in acidic environment. 25, 26 Acidified methanol enhances the stability of anthocyanidins compared to acetonitrile. In methanol, the degradation of anthocyanins was very slow, with >80% of anthocyanins remaining intact after 5 h, whereas after acidification no degradation occurred. These results are consistent with published data demonstrating higher stability of anthocyanins in acidic pH. 25, 26 Several methods of anthocyanin extraction are available describing varying recovery of anthocyanins from a biological matrix. 27−30 These methods involve solid phase extraction using Water's Oasis HLB and Sep-Pak C18 cartridges. We standardized the extraction of anthocyanins from tissues of rats administered dietary blueberry by converting them to anthocyanidins, which reduces the number of compounds to five, and allowed us their detection due to their higher amounts. In complex matrices, where interference in peak separation was observed, use of isoamyl alcohol significantly improved the selectivity of anthocyanidins, albeit with a slight loss of recovery (6−7%, data not shown).
In this study, first, we determined stability and extractability of anthocyanidins isolated from bilberry and then determined their tissue bioavailability. Bilberry contains 15 anthocyanins containing galactose, glucose, and arabinose derivatives of Dp, Cy, Pt, Pe, and Mv. These anthocyanins were converted to five anthocyanidins upon acid hydrolysis. Glycones of the same anthocyanidins are also reported in blueberry. 13 In the present work, we initially failed to detect anthocyanins in lung tissue from rats fed for 10 days with a 5% blueberry diet. The dietary route provides a slow ingestion of the berry phytochemicals. Under these conditions, the lung anthocyanin levels were presumably too low to be detected. Anthocyanins were also not detected in the lung tissue following a bolus dose (10 mg/mouse) by gavage. On the other hand, when the tissue anthocyanins were converted to their respective aglycons by acid hydrolysis and selectively extracted in isoamyl alcohol, Dp and Cy were detected in the lung tissue, indicating that anthocyanins can reach and exert their effects beyond the GI tract. The possibility of bioavailable proanthocyanins being converted to anthocyanidins during acid hydrolysis cannot be ruled out. This presence of anthocyanins in lung tissue could be explained by their ability to permeate the gastrointestinal barrier. 31 These data demonstrate that the conversion of anthocyanins to anthocyanidins prior to analysis is an effective method for detecting anthocyanins in tissues. However, conversion of proanthocyanidins to anthocyanidins in vivo could also enhance the levels on anthocyanidins in animal tissue. PCA, which is produced by degradation of Cy, 32 was also detected in lung tissue, suggesting that lung PCA and anthocyanins along with some unknown metabolites are presumably bioactives responsible for the known anticarcinogenic potential of blueberry in the lung. 33 A series of papers have shown the bioavailability of anthocyanins in brain tissue, 21, 22 and a few other studies report the presence of anthocyanins in other organs including the lung following treatment of rodents with individual anthocyanin at high doses. 14, 23, 24 Our study is the first demonstration indicating the presence of anthocyanidins in lung tissue Peonidin and malvidin were eluted at the same retention time, and therefore they appear in the same spectrum. Anthocyanidins were separated with a Hypersil GOLD C18 column (50 mm × 2.1 mm) in a binary gradient of 1% formic acid and acetonitrile containing 1% formic acid as described under Materials and Methods. following low-dose dietary blueberry. The blueberry dose used in this study is the same or just 2-fold higher as used in our previous study in which it was found to inhibit estrogenmediated mammary tumorigenesis. 8, 13 The results from our other study also showed the efficacy of the native mixture of anthocyanidins from bilberry against lung cancer xenografts. 3 In summary, we show for the first time that anthocyanins are bioavailable in the lung following a low dose of dietary blueberry powder. The detection has been possible by conversion of anthocyanins to their native anthocyanidins, followed by extraction in isoamyl alcohol. This technique can be utilized to demonstrate bioavailability of anthocyanins in different tissues and correlate their levels with disease inhibition.
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